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and	 agricultural	 biosecurity.	 Here,	 we	 report	 on	 the	 complete	mitochondrial	 ge‐
nomes	of	H. assulta assulta	and	H. assulta afra,	H. gelotopoeon, H. punctigera, H. zea,	
and H. armigera armigera	and	H. armigera conferta’	assembled	from	high‐throughput	
sequencing	data.	This	study	significantly	 increases	the	mitogenome	resources	for	
these	five	agricultural	pests	with	sequences	assembled	from	across	different	conti‐
nents,	 including	an	H. armigera	 individual	collected	from	an	 invasive	population	 in	
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1  | INTRODUC TION






better	 integrated	 to	provide	 stronger	 support	 for	defining	 species	
status	(e.g.,	Desalle,	2006).	Confusion	in	the	scientific	literature,	es‐
pecially	relating	to	visually	similar	organisms,	can	lead	to	substantial	
difficulty	 in	 formulating	 and	 developing	 management,	 trade,	 and	
economic	policies.	Furthermore,	the	availability	of	high‐throughput	
sequencing	 data	 is	 revealing	 that	 hybridization	 between	 so‐called	
species,	 is	 perhaps	 more	 common	 than	 was	 previously	 thought	
(Anderson	 et	 al.,	 2018;	 Anderson,	 Tay,	 McGaughran,	 Gordon,	 &	
Walsh,	2016;	Elfekih	et	al.,	2018).
Examples	 of	 this	 conflict	 between	molecular	 and	morphologi‐
cal	 identification	 include	the	stored	grain	beetle,	Cryptolestes	spp.,	
where	 despite	 recent	 studies	 combining	molecular	 data	 and	mor‐
phology,	confusion	remains	(Tay,	Beckett,	&	De	Barro,	2016;	Wang	
et	al.,	2014).	 In	contrast,	a	 successful	example	of	 integrating	DNA	
data,	with	morphological	and	phenotypic	characters	to	differentiate	
species,	 is	 the	 differentiation	 Asian	 and	 European	 honeybee	mite	
species,	Varroa jacobsoni	and V. destructor,	respectively	(Anderson	&	
Trueman,	2000).
Confident	 and	 unambiguous	 identification	 of	 invasive	 organ‐
isms	 especially	 those	 with	 agricultural	 and	 economic	 significance	
is	 becoming	 increasingly	 important	 in	 a	 highly	mobile	 world.	 This	
can	 be	 seen	 with	 the	 recent	 incursion	 of	 the	 Old	 World	 cotton	
bollworm,	Helicoverpa armigera,	 into	 the	New	World	 (e.g.,	 Czepak,	
Albernaz,	Vivan,	Guimarães,	&	Carvalhais,	 2013;	 Tay	 et	 al.,	 2013),	
and	 the	 detection	 of	 both	 sister	 species	 of	 the	 fall	 army	 worm	










Balbi,	 Flores,	 &	 Sciocco‐Cap,	 2015;	Mastrangelo	 et	 al.,	 2014;	 Tay	
et	al.,	2013)	have	shown	that	H. armigera	populations	 in	Brazil	and	




Co‐occurring	 with	 H. armigera	 across	 the	 Old	 World	 is	 the	
Solanaceae	 specialist	H. assulta,	 while	H. punctigera,	 a	 major	 ag‐
ricultural	 pest	 in	 itself,	 is	 endemic	 to	Australia	 (for	 a	 review	 see	
Hardwick,	 1965).	 Helicoverpa armigera,	 H. punctigera,	 and	 H. zea 
are	 morphologically	 similar	 and	 identifying	 them	 has	 tradition‐
ally	relied	on	dissecting	the	adult	male	and	female	genitalia	 (e.g.,	
Hardwick,	 1965;	 Pogue,	 2004),	 which	 is	 both	 time	 consuming	
and	 technically	 challenging.	 Studies	 by	Behere,	 Tay,	Russell,	 and	
Batterham	(2008)	and	Fang	et	al.	(1997)	have	previously	assessed	
mtDNA	and	nuclear	DNA	genes	to	distinguish	between	the	major	
Helicoverpa	 pest	 species.	Behere	et	 al.	 (2008)	developed	a	PCR‐









Recent	 studies	 relating	 to	 the	 molecular	 characterization	 of	















Hong,	Wang,	Cao,	&	Wei,	2010)	 from	China,	H. punctigera	 (Walsh,	
2016)	 from	Australia,	H. zea	 (Perera,	Walsh,	&	Luttrell,	2016)	 from	
the	United	States	of	America,	two	mitogenomes	of	H. assulta	from	
China,	but	no	mitogenomes	for	H. gelotopoeon.	For	the	H. assulta	mi‐
togenomes,	 one	 has	 been	 published	 (Li,	 Zhang,	 Luo,	Cui,	&	Dong,	
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of	accurately	characterized	mitogenomes,	while	providing	the	mo‐
lecular	 resources	 necessary	 for	 future	 studies	 of	 the	 evolutionary	
history	and	ecology	of	these	Helicoverpa	pest	species.
2  | MATERIAL AND METHODS
2.1 | Helicoverpa species DNA library construction 
and sequencing
Fifteen	mitogenomes	were	sequenced	in	this	work:	H. assulta assulta 
(n	=	2),	 H. assulta afra (n	=	1),	 H. gelotopoeon	 (n	=	2),	 H. zea	 (n	=	1),	






men	by	 the	 late	Dr.	Marion	 Laster	 (Entomologist,	 Southern	 Insect	
Management	 research	Unit,	 Stoneville,	MS,	USA).	The	 third	was	a	





Tanzania	 and	H. assulta assulta	 from	Thailand,	 all	Helicoverpa	 spec‐
imens	 were	 stored	 in	 ≥95%	 ethanol.	 DNA	was	 purified	 using	 the	
Blood	 and	 Tissue	 DNA	 extraction	 kit	 (Qiagen),	 prior	 to	 quantifi‐





University	 Biomolecular	 Resource	 Facility	 (Canberra,	 Australia)	
and	 the	 USDA‐ARS	 Genomics	 and	 Bioinformatics	 Research	 Unit,	
(Stoneville,	MS,	USA).
Initial	 identification	 of	 adult	 H. gelotopoeon	 specimens	 from	
H. zea/H. armigera	was	 as	 described	 by	Hardwick	 (1965)	 using	 the	
adult	 morphology	 and	 subsequently	 confirmed	 by	 partial	 mtCOI	
Helicoverpa sp.
Draft mitogenome 
length (bp) Collection date Country GenBank
gelotopoeon 15,226 2013 Argentina MG437199
gelotopoeon 15,230 2013 Argentina MG437189
assulta assulta 15,184 2013 Australia MG437197
assulta assulta 15,400 1986 Thailand KT626655
assulta afra 15,403 1981 Tanzania MG437198
punctigera 15,382 2013 Australia KF977797
punctigera 15,382 2013 Australia MG437200
punctigera 15,374 2013 Australia MG437201
armigera 
armigera
15,347 NA China GU188273
armigera conferta 15,347 2013 Australia MG437194
assulta 
(armigeraa)
15,351 NA China KP015198
armigera conferta 15,311 2013 Australia MG437193
armigera 
armigera
15,344 2013 Brazil MG437190
armigera 
armigera
15,234 2013 Spain MG437191
armigera 
armigera
15,249 2005 Uganda MG437196
armigera 
armigera
15,322 2004 India MG437192
armigera 
armigera
15,373 2006 Madagascar MG437195
zea 15,343 2014 USA KJ930516
zea 15,352 2012 Brazil	
(Hz073)
MG437202
aThis	Helicoverpa assulta	individual	(KP015198)	is	highly	likely	to	be	a	misidentified	H. armigera armig‐
era	individual	from	China	based	on	nucleotide	sequence	identity	and	phylogenetic	analysis	as	pre‐
sented	in	this	current	study.	
TA B L E  1  Samples	and	sequences	used	
in	this	work.	Helicoverpa geletopoeon 
(n	=	2),	H. assulta assulta	(n	=	2),	
H. assulta afra	(n	=	1),	H. punctigera	(n	=	2),	
H. armigera conferta	(n	=	2),	














ther	 the	genomic	 software	Geneious	R8	version	8.1.9	 (Biomatters	
Pty	 Ltd.,	 Auckland,	 NZ)	 or	 the	 CLC	 Genomic	 Workbench	 v8.5	
(Qiagen).	The	mitogenome	of	H. assulta from	Thailand	was	de	novo	
assembled	 using	 CLC	 Genome	Workbench,	 and	 the	 remainder	 of	
the	mitogenomes	was	 assembled	using	mitogenomes	of	H. puncti‐
gera (KF977797),	H. armigera	(GU188273),	and	H. zea	(KJ930516)	as	
reference	sequences.	After	the	initial	sequence	assembly	based	on	






















2.4 | Confirmation of species identity
We	 examined	 all	 mitogenome	 PCGs	 using	 BlastN	 (Altschul	 et	 al.,	
1997)	 to	 confirm	 species	 identity.	 To	 confirm	 our	 putative	H. as‐
sulta assulta individuals	 (MG437197;	KT626655),	we	compared	our	







2002),	 implementing	default	 settings	 (i.e.,	automatic	algorithm	op‐
tion,	 Scoring	Matrix:	200PAM/K2,	Gap	open	penalty	1.53;	Offset	
value:	 0.123)	 within	 Geneious	 v8.1.9.	 Due	 to	 the	 significant	 dif‐
ferences	 detected	 between	 our	 two	 H. assulta	 mitogenomes	
(MG437197,	KT626655.1)	and	the	previously	reported	mitogenomes	
(GenBank	 KR149448,	 NC_026199/KP015198)	 from	 both	 MAFFT	




We	 performed	 a	 phylogenetic	 analysis	 using	 all	 13	 protein‐cod‐
ing	 genes	 (PCGs)	 found	 in	 the	 publicly	 available	mitogenomes	 of	
selected	noctuid	species:	(a)	Agrotis segetum	(KC894725,	Wu,	Cui,	
Du,	 Gu,	 &	Wei,	 2014),	 (b)	A. ipsilon	 (KF163965,	Wu,	 Cui,	 &	Wei,	
2015),	(c)	Spodoptera frugiperda	(KM362176,	(Liu,	Chai	et	al.,	2016),	
(d)	S. litura	 (JQ647918,	Wan,	Kim,	&	Kim,	2013);	 (KF543065,	Liu,	
Zhu	 et	 al.,	 2016),	 (e)	Chloridea	 (Heliothis)	 subflexa	 (KT598688,	 de	
Souza,	 Tay,	 Czepak,	 Elfekih,	 &	 Walsh,	 2016),	 selected	 available	
Helicoverpa	 species	 mitogenomes	 that	 included	 (f)	 H. punctigera 
(KF977797,	 Walsh,	 2016),	H. assulta assulta	 (KP015198,	 Li	 et	 al.,	
2016);	 KR149448,	 (unpublished),	H. zea	 (KJ930516,	 Perera	 et	 al.,	
2016),	 and	H. armigera armigera (GU188273,	 Yin	 et	 al.,	 2010).	 All	
complete	 mitogenome	 sequences	 were	 first	 aligned	 using	 the	
MAFFT	 alignment	 program	 with	 default	 parameters	 as	 detailed	





PCGs	 from	 all	 noctuid	 species	was	 carried	 out	 using	 the	 PhyML	




2.6 | PCR‐RFLP analysis of all five Helicoverpa 
pest species
Two	previous	studies	have	reported	methods	for	distinguishing	be‐









for	H. armigera,	H. zea,	 and	H. gelotopoeon.	Mitogenome	 resources	
from	 this	 study	 enabled	 surveys	 of	 the	 relevant	 gene	 regions	 of	
     |  2937WALSH et AL.









tified	 for	 restriction	 enzyme(s)	 and	predicted	RFLP	patterns	 using	
the	CLC	Sequence	Viewer	7	program.	Relevant	partial	COI	and	Cyt	
b	gene	regions	previously	reported	(Arnemann	et	al.,	2016;	Arneodo	
et	 al.,	 2015;	 Behere	 et	 al.,	 2008;	 Leite	 et	 al.,	 2016;	 Tay,	Walsh	 et	




3.1 | Molecular characterization of the 





mitogenomes	of	H. gelotopoeon,	 both	 subspecies	of	H. assulta,	 and	
previously	published	Helicoverpa	 species	mitogenomes	 (i.e.,	Perera	
et	al.,	2016;	Walsh,	2016;	Yin	et	al.,	2010).	Intraspecific	nucleotide	
sequence	 identities	 were	 generally	 low	 ranging	 between	 93.03%	
(between	 H. punctigera	 KF977797	 and	 MG437197)	 and	 94.83%	
(between	H. armigera	 GU188273	 and	H. assulta	 KT626655),	 while	





ing	error	 individuals,	 see	below);	99.46%,	H. armigera;	 and	99.51%,	
H. zea).
Comparing	 the	 H. assulta	 mitogenomes	 from	 this	 study	





(KR149448),	 and	 only	 95%	 sequence	 identity	 with	 the	 published	
H. assulta	mitogenome	(KP015198,	Li	et	al.,	2016).	Similarly,	compar‐
ison	across	the	13	PCG's	and	the	two	rRNA	genes	(Table	2)	showed	
that	 the	 H. assulta	 (KP015198)	 and	 the	 H. armigera	 (GU188273)	
mitogenomes	 were	 highly	 similar,	 sharing	 >99%–100%	 nucleotide	
identity.	 For	 the	 unpublished	 H. assulta	 mitogenome	 (KR149448),	
the	lower	level	of	nucleotide	sequence	identity	(98%)	with	our	H. as‐
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approximately	Cyt	b	 gene	 to	 the	 rrnS	 (12S	 rRNA)	gene	 region	 (ca.	
3,868	bp).	Instead,	this	region	of	KP015198	was	most	similar	to	the	







mtCOI	 genes	used	 in	 the	 study	of	 (KP015198,	 Li	 et	 al.,	 2016;	 i.e.,	
H. armigera:	 EU768935,	 EU768936;	H. assulta:	 EU768937;	H. gelo‐
topoeon:	 EU768938;	 H. punctigera:	 EU768941;	 H. zea:	 EU768942),	
thereby	 provided	 further	 confirmation	 of	 species	 identity	 for	 the	
mitogenomes	presented.
3.2 | Phylogenetic analysis
PhyML	 identified	 the	 optimal	 nucleotide	 evolutionary	 model	






silon (KF163965), S. frugiperda	 (KM362176), S. litura	 (KF543065,	
JQ647918),	and	Chloridea	(Heliothis)	subflexa,	resulting	in	H. punc‐
tigera	being	sister	to	all	other	Helicoverpa	species,	namely	H. gelo‐




H. assulta	 (KP015198)	 clustered	within	 the	global	 representation	
of	H. armigera	 (i.e.,	H. armigera armigera	and	H. armigera conferta).	





well‐resolved	 using	 the	 complete	 mitogenome	 protein‐coding	
gene	 sequences	 of	 10,310	bp	 (Supporting	 Information	Data	 S1),	
with	the	same	tree	topology	as	previously	reported	by	(Anderson	
et	 al.,	 2016).	 The	 phylogenetic	 relationship	 between	H. zea	 and	
H. armigera	 suggested	 these	 two	 species	 shared	 a	 most	 recent	
common	ancestor	that	diverged	approximately	1.5–2	million	years	
ago	(Behere	et	al.,	2007;	Pearce	et	al.,	2017a,	2017b).	The	mono‐
phyly	of	each	of	the	subspecies	of	H. assulta	(i.e.,	H. assulta assulta,	
H. assulta afra)	and	of	H. armigera	 (i.e.,	H. armigera armigera,	H. ar‐
migera conferta)	 was	 not	 well‐resolved,	 with	 low	 bootstrap	 val‐
ues	at	 internal	nodes	(Figure	1).	However,	Anderson	et	al.	 (2016)	
was	able	to	differentiate	Australian	H. armigera conferta	from	Old	

















































































































































































































































































































































































































































































































































































































































2940  |     WALSH et AL.
3.3 | RFLP analysis
The	PCR‐RFLP	method	of	Behere	et	al.	(2008)	and	Arneodo	et	al.	
(2015)	 that	 used	511	bp	of	 the	 c‐terminal	COI	 gene,	 and	698	bp	















In	 this	 study,	we	 increased	 the	mitogenome	 resources	 for	 the	 five	
globally	 significant	 agricultural	 Helicoverpa	 species	 including	 sub‐
species	 for	H. assulta	 and	H. armigera, as	 well	 the	 South	 American	













F I G U R E  1  Phylogeny	of	Helicoverpa	species	from	the	Old	World	(Helicoverpa armigera,	H. assulta),	Australia	(H. punctigera),	and	the	New	
World	(H. zea,	H. gelotopoeon)	and	related	noctuid	species	(Heliothis	(Chloridea)	subflexa; Spodoptera litura,	S. frugiperda,	Agrotis ipsilon)	based	
on	13	aligned	protein‐coding	gene	regions	(10,310	bp)	from	mitochondrial	genomes.	Phylogenetic	analysis	was	carried	out	using	the	PhyML.	
Branches	shown	in	red	identify	misidentified	and	chimerical	H. assulta mitochondrial	genomes	deposited	in	GenBank
     |  2941WALSH et AL.
Species	 identification	 in	 the	 genus	Helicoverpa	 can	 be	 difficult	
and	potentially	 led	to	the	delay	in	recognizing	H. armigera	 in	South	
America	 (Tay	et	al.,	2013).	Species	misidentification	may	have	also	














ically	 similar	 to	H. assulta.	 Hybrids	 resulting	 from	mating	 between	
H. armigera	 and	H. assulta	 are	 known	 to	 occur	 under	 experimental	




specialist	 such	as	H. assulta	 (Ahn,	Badenes‐Perez,	&	Heckel,	2011),	




Laster	 and	Sheng	 (1995)	 have	 shown	 that	 under	 laboratory	 condi‐
tions,	H. armigera	can	mate	and	produce	fertile	offspring	with	H. zea. 
The	 possibility	 of	 natural	 hybridization	 between	 H. armigera	 and	





not	 be	 able	 to	 identify	 these	 hybrids.	However,	H. armigera‐H. zea 
hybrids	 can	 be	 detected	 using	 genome‐wide	 SNPs	 based	on	 high‐
throughput	sequencing	methods	(Anderson	et	al.,	2018).
Microsatellite	 DNA	 markers	 in	 the	 Lepidoptera	 including	





Heckel,	 Lee,	 and	 Batterham	 (2008).	 Nevertheless,	 signatures	 of	
interspecific	H. armigera‐H. zea	 hybridization	 as	 inferred	 from	 mi‐
crosatellite	 loci	 have	 been	 reported	 by	 Leite	 et	 al.	 (2016).	 Future	
monitoring	 of	 Helicoverpa	 species	 at	 preborder	 inspection	 could	
also	consider	the	method	of	Nagoshi,	Gilligan,	and	Brambila	(2016)	
that	incorporates	the	z‐linked	Triosephosphate	isomerase	(Tpi)	gene	
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for	 potential	 H. armigera‐H. gelotopoeon, H. assulta‐H. gelotopoeon,	
H. assulta‐H. zea,	and	H. armigera‐H. assulta	hybrids	remained	to	be	
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